.Abstract. The Mw 7.9 earthquake occurred in Wenchuan, Sichuan, China, on 12 May 2008, and it 
INTRODUCTION
The Mw 7.9 Wenchuan earthquake occurred in the Longmen Mountain region at the eastern margin of the Qinghai-Tibet Plateau, which is adjacent to the Sichuan Basin ( Fig. 1 ), on 12 May 2008. The Wenchuan earthquake caused significant building damage and collapse with considerable casualties, but it also provided most of the best data to investigate many fundamental problems of wave propagation in the heterogeneous crust. The Wudu township, which is located in a sedimentary basin in northern Jiangyou situated in the eastern YingxiuBeichuan Fault, also suffered serious earthquake damage. Previous studies concerning basins indicated that low-velocity soil layer and basin geometry have a strong influence on the behavior of seismic wave propagation (Alex and Olsen, 1998; Davis et al., 2000) and strengthen the shaking activity (Graves 1998; Olsen, 2000; Komatitsch et al., 2004) . The cover soil layer in the Wudu Basin is thin, with a relative depth of approximately 20 m and a fairly low S wave velocity, which makes it particularly vulnerable to severe earthquake damage.
Surface topography can significantly affect ground motion characteristics. An irregular free surface can further lead to complex wave propagation. Structures located at the tops of hills, ridges, and canyons may suffer more intensive damage than structures situated at the bases of hills or on level surfaces, as observed from earthquakes and from numerical simulations (Hartzell et al., 1994; Spudich et al., 1996; Assimaki et al., 2005) . In the past decades, seismologists and engineers made significant progress in simulating ground motion using a variety of simplified numerical and analytical methods, such as one-dimensional and twodimensional local site models. These models can assist in explaining the observed phenomena in certain situations. However, observations of ground motion during recent strong earthquakes have shown that the three-dimensional (3D) local site effects may be extremely important and may adversely affect structural safety. Three common effects often observed in basins or sedimentary valleys are amplification of strong motion intensity, significantly long duration of the surface ground motion with respect to that of the rock, and rapid spatial variation of the ground motion.
Recently, various numerical studies of seismic wave propagation in 3D sedimentary basins have demonstrated substantial progress using parallel computer facilities. The most widely used approach for modeling of seismic wave propagation is the finite difference method (FDM) (Pitarka, 1999; Olsen, 2000; Kristek et al., 2009 ). However, realistic topography was frequently not considered in simulations because of the difficulty of incorporating the free surface boundary condition in the FDM in the presence of topography (Moczo et al., 2007) . Since the 1990s, the finite element method (FEM) (Liu et al., 1991; Bao et al., 1998; Ma et al., 2007; Taborda et al., 2012) has been applied to the study of wave propagation in realistic models, including 3D sedimentary basins. However, large systems require iterative routines, which may increase the cost of the calculations, particularly in the case of realistic 3D problems. From the spectral approximations of the wave field combined with domain decomposition techniques, simulations of earthquake ground motion using the spectral element method (SEM) rapidly advanced in recent years. The application of SEM to elastodynamic problems was first presented by Faccioli et al. (1997) and applied by Lee et al. (2008 Lee et al. ( , 2009 ) to realistic models. Such studies are highly useful in understanding the physics of site response. From these analyses, knowledge of the topographic effects on seismic wave propagation and the amplification of seismic waves at a topographic site is obtained; so far, these models are solved only for low frequencies to render the numerical problem as tractable. No seismic waves of up to a maximum frequency of 5 Hz are detected. However, realistic 3D basin models must be considered and evaluated at high frequencies, which are important in engineering design, to model the actual seismic hazard.
The FEM is used to simulate seismic wave propagation in the Wudu area to accommodate the considerable surface topography and the highly variable low-wave speed sedimentary basin in this study. The pretreatment software HyperMesh was employed to structuralize the geometric model and the grid partition. With this software, realistic topography and complex subsurface structures can be efficiently incorporated with the FEM mesh, the resolution of the subsurface structure can reach up to 2.5 m, and a high frequency (up to 10 Hz) of the synthetic waveform can be achieved. Four incident angles of the same seismic waves are analyzed to distinguish the case of the amplification effects. Although numerical simulations with simple incident pulses are not as powerful as the simulations from the real earthquake strong motion, the corresponding results can provide interesting information on the Wudu Basin. These results can also be meaningful for future studies, such as the seismic hazard reduction studies in the metropolitan region. 
WUDU BASIN MODEL AND NUMERICAL METHOD

Realistic Topography and Basin Structure
The Wudu Basin is located in the northern areas of Sichuan Province, China, lying at 104.728° to 104.840° E longitude and 31.817° to 31.924° N latitude. The Wudu Basin is mainly an alluvial plain with undulating low mountains and interspersed hills (see Fig. 2 ). From the regional geological survey borehole spatial distribution data, several characteristics can be noted: (1) the Wudu Basin is a shallow dish-shaped basin with a gentle dipping boundary, and the average dipping angle is not more than 45°; (2) the deepest part of the basement is probably near the outlet of the Fujiang River in the south area of the basin; and (3) There are four rock and soil layers, in which each layer is in an approximately horizontal distribution. The P and S wave velocities inside the basin are approximately 522 m/s to 1,927 m/s and 200 m/s to 1,065 m/s, respectively; the velocities of the basin basement beneath and surrounding the basin are 3,956 and 2,250 m/s, respectively. For the numerical simulations, major continuities separating the layers of homogeneous velocities are used. The detailed material parameters and the grid size of the model are listed in Table 1 . 
Finite-Element Model Discretization and Boundary Conditions
The dimension of the simulated Wudu Basin model is 10 × 10 km at the surface and 0.6 km in depth. The velocity outside the basin is simplified by an assumption of a homogeneous half-space. The FEM is used to simulate seismic wave propagation in the Wudu Basin. The 3D model is established according to the digital terrain model (DTM) data. The pretreatment software HyperMesh is utilized to structuralize the geometric model and grid partition to accommodate the topography and the highly variable low-wave speed sediments in the Wudu Basin.
Mesh generation is the key simulation step, the size of which is selected according to the frequency content of the incident motions and shear wave velocity of the medium considered. For the effective representation of the propagating wavelengths, the finite element grid maximum size at the direction of wave propagation is always set as 1/8 to 1/10 of the minimum wavelength corresponding to the cutoff frequency, which is set as 10 Hz in this study. Based on this software, realistic topography and complex subsurface structures can be efficiently incorporated with the FEM mesh. The grid space in the shallowest part can reach up to 2.5 m and a higher frequency (up to 10 Hz) of the synthetic waveform can be achieved in the simulation, which yields a total of 189,849,984 elements and 60,825,600 nodes.
Finite element simulation of the time-dependent wave propagation in infinite media requires enforcing the transmitting boundary to replace the truncated far-field infinite domain to model the effect of the wave radiation toward infinity. The artificial boundary condition is always used to absorb the energy of the scattering waves propagating from the generalized structure into the infinite or semi-infinite medium. Because the viscous spring artificial boundary can efficiently simulate radiation damping and elasticity recovery of the infinite and semi-infinite media with good stability and high accuracy (Liu et al., 2006; Du et al., 2006) , the 3D viscous spring artificial boundary was adopted to achieve the half-space simulation outside the basin in this model. This artificial boundary can be achieved by establishing a series of distributed springs and dampers on the truncated boundary of the finite element model, as shown in Figure 3 . For the 3D viscous spring artificial boundary, the lumped spring coefficient, K, and the lumped damping coefficient, C, can be expressed as follows:
In the normal direction
In the tangent direction where r is the distance between the center of the surface and the artificial boundary; c s and c p are the velocity of the shear wave and the compression wave in the medium, respectively; G is the shear modulus; ρ is the mass density; A and B are the modified coefficients with good values of 0.8 and 1.1, respectively; and A l is the total truncated boundary area of all elements containing the boundary node l. 
Wave Input Method Based on Viscous-Spring Boundary
The seismic motions as the plane body waves with arbitrary incident angle can be converted into the equivalent nodal forces based on the time domain FEM with the viscous spring artificial boundary condition (Liu and Lu, 1998; Liu et al., 2007) . According to Liu and Lu (1998) , the equivalent node force f li at direction i of node l can be expressed as:
where K li and C li are the two parameters of the viscous spring artificial boundary; A l is the total truncated boundary area of all elements containing boundary node l; and For the SV wave input, the key step is converting the input waves into the equivalent nodal forces. In the work of Huang (2015), the equivalent nodal forces of the oblique incidence of seismic waves have been achieved, and the wave input is implemented into the commercial software ABAQUS by a self-developed FORTRAN program. In this study, a Dirac impulse with a duration of 0.25 s is chosen as the input SV wave (plotted in Fig. 4) , and the mesh allows the simulation of the seismic waves up to a maximum frequency of 10 Hz. The seismic wave path in the layered media is related to the velocity in the layers, and the occurrence of subsurface is related to the initial orientation of the rays. According to the geographical location of the Wudu Basin, the response of the basin to a single plane incident SV wave propagation from west to east with four incident angles of 0°, 10°, 20°, and 30° in the half-space was computed. 
SIMULATION RESULT
Snapshots of the Wave Field
The wave propagation behavior was analyzed by computing the displacement snapshots with durations of 20 s (low-pass filtered with a corner frequency of 10 Hz). Figure 5 shows the snapshots of the displacement wave field at every 0.5 s, from 0.5 s to 3.0 s, for the Dirac impulse input motion with different incident angles. In the beginning, ground shaking is not obvious. When the wave enters the Wudu Basin, the travel time of the wave fronts slow down and are dramatically distorted compared with those outside the basin because of low shear wave speeds in the basin, particularly within the soft sedimentary layer. Surface waves that propagate after the S wave can be observed. Surface waves are generated by reflections and mode conversions at the shallow basin edges and free surface. Yalcinkaya and Alptekin (2005) illustrates similar contributions of basin edge-induced surface waves to site amplifications. At the same time, the energy is trapped and reflected within the low-wave speed sediments. This effect is particularly clear around the basin where the basement is close to the ground surface and has a large wave speed contrast relative to the hard rock. However, P wave energy is relatively weak at this moment and passes through the basin quickly as compared with the later S wave and surface wave phases.
When the main body wave phases propagated out of the basin, the basin continues to shake for several seconds. This longer shaking comes from two different seconds: the energy is trapped and reflected within the low-wave-speed sediments as described previously and the energy is reflected and waves are generated by scattering from the basin edges. However, the characteristics of the earthquake motion vary with the different incident angles. With the increase of the incident angle, the seismic energy takes a longer time to reach the basin. 
Simulating Waveform
The simulating waveforms a n n n were analyzed to determine how the waves are influenced by the incident angles quantitatively. A total of 61 receivers were a d n a , a d a n a a n , in which site points 2, 3, and 4, which were located in the basin; site points 1 and 5 are located outside the basin (from west to east are marked as sites 1 to 5). Figure 6 shows the response along a n n n a d a a These waveforms show anomalous amplification effects in the basin. Notably, the simulating waveforms in the basin have a relatively longer duration than those outside the basin, particularly for the records at site point 5, which is at n n nd motion in the horizontal direction is more complicated than that in the vertical direction; the maximum value of the peak displacement in the E-W component is larger than that in the U-D component, and the U-D component is larger than the N-S component. Smaller amplitudes of the P wave inside the basin in the U-D component were observed; the basin-induced scattered wave propagates toward the east direction, as observed from the moving out of the scat-tered wave. These scattered amplitudes gradually decrease with time. For incident angle 0°, the basinn n dd a and tric pattern of the basin-induced scattered wave propagation were observed because a part of the scattered wave energy is reflected back to the basin; the remainder passes through to the outside of the basin. When the incident angle is 10°, the area where the basin-focusing effect rises is in the eastern a , n n d n an a and , a n-focusing effect is unclear and the duration of the ground motion is obviously reduced. This finding indicates that the surface wave generated from the eastern part of the basin decreases with the increase of the incident angle. At the same frequency, the spectral amplitude of the site points in the basin is larger than the other site points. For the site points in the basin, the spectral amplitude relative magnification initially increases and then decreases with the increase of the incident angle. When the incident angle is 10°, the amplification factor is the largest. However, for the site points at the outside of the basin, the spectral amplitude relative magnification changed slightly with the increase of the incident angle.
Peak Ground Motion Distribution
The maximum particle displacement within the records was analyzed to obtain information on the peak ground displacement (PGD) distribution. A comparison of the spatial variation of the PGD distribution in the E-W, N-S, and U-D components under different incident angles, namely, (a) α = 0°, (b) α = 10°, (c) α = 20°, and (d) α = 30°, is shown in Figure 8 . The relaan n a n n n . Figure 8 indicates that ground motions in the Wudu Basin have PGD values that are close to 6 cm, which is larger than that observed in the mountainous areas, where the PGD is 2 cm on average. First, the incident angle of 0° was analyzed (Fig. 8a) . In the basin, most of the large PGD values occur at the edge of the basin. The Wudu Basin shows relatively large PGD values in the E-W, N-S, and U-D components compared with the surrounding regions because of low-wave speed sediments in the basin. Outside the basin, complex PGD patches are observed in the mountainous areas, particularly in the mountain of flowers and fruit. Figure 8a illustrates that topography increases the PGD values at mountain tops and ridges, whereas valleys usually decrease the PGD. Lee et al. (2008 Lee et al. ( , 2009 ) illustrates a similar phenomenon by analyzing the simulated ground motions in mountainous areas surrounding the Taipei basin. In the three components, the PGDs at the edge of the basin are larger than those in the basin: in the E-W component, the largest PGD values occur at the south part of the basin between the mountain of Jingtai and the outlet of the Fujiang River; in the N-S component, the largest PGD values occur at the southeastern margin of the basin; and in the U-D component, the PGDs are symmetric distributions at the edge of the basin. With the increase of the incident angle, the PGD values in the entire simulation area reduced in the E-W and N-S components; however, the PGD values increased in the U-D component with the increase of the incident angle. When the incident angle is greater than 10°, the PGD values in the west part of the basin have a faster reduction than the eastern part in the E-W and N-S components, whereas the PGD values in the western part of the basin have a faster increase than those in the eastern part in the U-D component. The PGD values along profile AA ana d an a d n n d n an When the seismic wave has a vertical incidence, the ground motions in the Wudu Basin have PGD values that are close to 3.05 cm, which is larger than that observed outside the basin (where the value is 1.87 cm). The change of PGD basically has no change in most of the basins, is 2.83 cm on average, and has almost a symmetrical distribution. Figure 9 shows the PGD distribution with different incident angles and is normalized by the maximum value of the PGD recorded on the n n a a a a n d n n a , PGD values exhibit a larger increase at the west side of the basin margin compared with the case of the vertical incidence, where only a slight change occurs compared with the rest of the basin. However, when the incident angle is greater than 10°, the PGD values in the basin are 2.32 and 2.29 cm on average. Compared with the case of the vertical incidence, the PGD values are reduced by 18.24% and 19.29%. The largest PGD values occurred at the same site. By contrast, the PGD values are increased by 23.75% and 52.78 %
Cumulative Kinetic Energy
Olsen et al. (1995, 1996) considered the cumulative kinetic energy parameter (E k ). E k can reflect the amplitude and duration time of the total motion that may be more closely related to the potential damage from shaking. The cumulative kinetic energy per unit volume of the kth component trace is expressed as:
The distribution of E k is shown in Figure 10 . In our simulation, E k at mountain tops and ridges increases dramatically, and the distribution of E k at valleys and flat parts on hills is similar to the PGD with different incident angles. However, the energy in the basin and the basin edge is more complex than that outside of the basin and unusually large in the west side of the basin edge with the increase of the incident angle, particularly when the incident angle is 30°. Most of the energy is trapped and reflected in the west side of the basin edge with the increase of the incident angle. The E k value along shown in Figure 11 was analyzed to examine the detailed difference among the four incident angles. The cumulative kinetic energy was normalized by the maximum value of the energy recorded in n a a a a n ident. When the incident angle is 10°, the cumulative kinetic energy in the basin is larger than the vertical incident, which is different from the distribution of PGD. With the increase of the incident angle, the cumulative kinetic energy at the west edge of the basin increases gradually, whereas the cumulative kinetic energy at the eastern edge of the basin decreases, which is similar to the PGD. 
CONCLUSIONS
The 3D model of the Wudu Basin was established based on the regional geological survey borehole data of spatial distribution and the DTM data. Grid partition was achieved by the special preprocessor software HyperMesh. A careful mesh was used to accommodate the steep topography and the complex geometry of the Wudu Basin. The distance between the points at the shallowest part of the FEM mesh was approximately 2.5 m, which enabled the inclusion of realistic topography from the DTM data and was sufficient to calculate the response of seismic waves up to a maximum frequency of approximately 10 Hz. The viscous spring artificial boundary was chosen as the artificial condition, and the earthquake motion of the oblique incidence was transformed into the equivalent nodal forces acting on the viscous spring artificial boundary of the finite model.
The numerical results illustrated that the PGD increases at mountain tops and ridges, whereas the PGD usually decreases in valleys. The topographic effects also strongly depend on the directivity of the event. At most of the basin boundary, the dip angle is less than 45°. For the vertical incident seismic wave, topography scatters the body waves, which subsequently propagates as surface waves and spreads into the Taipei basin. These waves further interact with the basin and the surrounding mountains, finally resulting in complex amplification. The angles between the seismic wave propagation direction and the interface on the east side of the basin edges decreased with the increase of the incident angle of the seismic waves. This phenomenon leads to a reduction in the surface wave energy from the eastern edge of the basin. By contrast, the surface wave energy is enhanced on the west side of the basin. The result revealed different amplifications at the same site.
Although the seismic waves considered in this study are relatively simple compared with a real earthquake, these findings are based on hypothetical earthquake events in the Wudu Basin. The simulations show that topography has different effects depending on the scenario: it may or may not reduce ground motion in Wudu depending on the directivity of the event. These results illustrate the fact that the topography and the incident angle of seismic waves should be considered when assessing seismic hazards.
